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(MEDs). Neutral TTF is capable of donating one or two electrons to yield stable singly and doubly charged states, permitting access to electrochemically addressable electronic and magnetic properties. 6 It also has the benefit of preserving its electrochemical properties following substitution at any or all four of its exterior carbons, thus enriching its chemical diversity by extending its utility to functionalized TTF molecules. 7 For these reasons, TTF has been investigated extensively as an electroactive recognition element in bistable mechanically interlocked molecules (MIMs) in solution, 8 in polymer matrices, 9 in selfassembled monolayers (SAMs) on gold electrodes 10 and on gold nanoparticles, 11 in closely packed condensed monolayers, 12, 13 in LangmuirÀBlodgett films mounted on solid supports, and in molecular switch tunnel junctions 14 (MSTJs) . Over the past decade, 15À19 numerous reports, supported by molecular dynamics simulations, 20, 21 have documented the integration of bistable MIMs (where TTF is one of the key electroactive recognition elements) into MSTJs in solid-state MEDs. Although the incorporation of the bistable MIMs containing TTF as the switching trigger in the integrated systems and devices is a highly promising development offering considerable potential for the future growth of MEDs, direct real-time evidence for physical motion in response to electrochemical stimulation in these devices remains sparse.
Vibrational spectroscopy, such as Raman scattering, has the ability to resolve the identity of a molecule and report changes in its chemical structure and oxidation state, providing direct spectroscopic evidence of structural changes in real time. Surfaceenhanced Raman spectroscopy (SERS) can amplify the vibrational signal on substrates that exhibit a localized surface plasmon resonance (LSPR). The technique is most effective when the LSPR peak frequency is well-matched 22 to the laser excitation wavelength (λ ex ). SERS may be further enhanced by the resonance Raman effect if an electronic transition of the molecule of interest overlaps with λ ex , known as surfaceenhanced resonance Raman spectroscopy (SERRS). SERRS has recently been observed in a supramolecular system to monitor the association of a TTF and cyclobis(paraquatp-phenylene) in solution. 23 Since its inception, SERS has been used to investigate submonolayer coverages of molecules, providing information regarding charge state, physical orientation, and local environment. Resonance Raman spectroscopy, 24À28 SERS, 29 as well as SERRS 30, 31 have been widely used to investigate TTF and its derivatives both in the solid state and in solution, revealing large vibrational frequency changes corresponding to different oxidation states.
The electrochemistry of TTF in nonaqueous solution is well characterized. TTF exhibits two reversible one-electron processes at approximately 0.34 and 0.68 V (vs SCE), as observed via cyclic voltammetry (CV) and other electrochemical methods. 25 Appropriately functionalized TTF derivatives have allowed the investigation of the electrochemical properties of SAMs of TTF adsorbed onto electrodes, for example, TTF with pendent thiol or dithiolane groups adsorbed to gold, yielding important insight into the effect of intermolecular interactions between neighboring TTF units.
7,32À34
Here, we carry out SER spectroelectrochemistry to investigate the redox properties and structural changes of 1 ( Figure 1 ABSTRACT: Surface-enhanced Raman spectroscopy (SERS) was used to monitor the response of a self-assembled monolayer (SAM) of a tetrathiafulvalene (TTF) derivative on a gold film-over-nanosphere electrode. The electrochemical response observed was rationalized in terms of the interactions between TTF moieties as the oxidation state was changed. Electrochemical oxidation to form the monocation caused the absorbance of the TTF unit to coincide with both the laser excitation wavelength and the localized surface plasmon resonance (LSPR), resulting in surface-enhanced resonance Raman scattering (SERRS). The vibrational frequency changes that accompany electron transfer afford a high-contrast mechanism that can be used to determine the oxidation state of the TTF unit in an unambiguous manner.
SECTION: Kinetics, Spectroscopy
The Journal of Physical Chemistry Letters LETTER bound to the surface of a SERS-active working electrode. To this end, we prepared gold film-over-nanosphere (AuFON) electrode surfaces using nanosphere lithography 35 (see Supporting Information for fabrication details). Gold is attractive, not only for its plasmonic properties 36 but also because of its utility as an electrode material 37 and as a substrate for the formation of SAMs.
38 Figure 1 shows the absorbance spectrum (Àlog(reflectance)) of the AuFON, indicating that the peak of the LSPR is straddling the 633 nm excitation source and Stokes-shifted wavelengths, an ideal situation for SERS. 22 In addition to the spectral overlap of the laser excitation wavelength and the LSPR maximum of the AuFON, Figure 1 shows the visible absorption spectra of 1 for all three oxidation states. Both the neutral and doubly oxidized states of 1 are not in resonance with λ ex . In contrast, the radical cation 1
•þ exhibits an electronic transition that coincides with both the LSPR of the AuFON and λ ex . In this case, SERRS provides signal enhancement by greater than a factor of 30 over SERS, demonstrated in the following spectra. By controlling the electrochemical potential of the TTF moieties, we introduce an externally controlled contrast mechanism for turning on and off the resonance enhancement in SER(R)S.
Following fabrication, AuFON electrodes were incubated overnight in 1 mM 1 in MeCN to promote SAM formation. Electrodes were rinsed liberally with fresh MeCN prior to spectroelectrochemical analysis. AuFON working electrodes were mounted in a custom-built Teflon-body spectroelectrochemical cell with a silver wire (Ag/Ag þ ) quasi-reference electrode and a platinum counter electrode; the electrolyte solution was 0.1 M LiClO 4 in MeCN. The electrochemistry of the resulting AuFON electrodes modified with a SAM of 1 was probed by CV. Figure 2 shows a cyclic voltammogram of the AuFON electrode coated with a SAM of 1 obtained at 10 mV/s. Two reversible one-electron transfer processes separated by 400 mV are observed.
The separation between the potentials (ΔE p ) for the oxidation and the reduction peaks for each redox process was approximately 10 mV, consistent with a surface-bound electroactive species. Further evidence of surface-bound activity was obtained through variable scan rate CV, revealing that both anodic and cathodic peak currents for each one-electron process scaled linearly with scan rate 37 ( Figure S5 , Supporting Information). The electrode area was measured electrochemically for identically prepared AuFON electrodes from the hydrogen desorption peak in 1 M H 2 SO 4 . The total charge passed for each reduction and the oxidation peak was between 1.01 and 1.11 μC, indicating that nearly all electroactive species underwent complete changes in oxidation state during the potential scan. This information was combined with surface area measurements to determine the surface excess of 1 to be Γ = 9.1 Â 10 À11 mol/cm 2 , assuming n = 1. Previous literature precedent has suggested a surface excess of 3.1 ( 0.5 Â 10 À10 mol/cm 2 for a SAM composed of purely thioctic acid on Au. 39 The surface excess of 1 is more than three times lower than that for a "more ideal" SAM system. 40, 41 We justify this observation in two ways. One, the TTF derivative 1 is relatively larger than thioctic acid, implying that less 1 would fit per unit area on a surface. Two, if the TTF moiety in 1 were lying down on the surface (as opposed to standing up normal to the surface), then molecules of 1 would pack less efficiently, accounting for the reduced coverage. We employed computational modeling 42 to assess the size of 1 and give insight into the orientation on the surface. Assuming that the long axis of 1 is parallel to the surface, we find a maximum surface excess of 9.1 Â 10 À11 mol/cm 2 , in agreement with experimentally measured values. The parallel orientation would cause most vibrations of 1 to be forbidden as a result of surface selection rules. 43 This effect is manifested in the weak SERS spectra, implying that SERRS is necessary to obtain data with good signal-to-noise ratios, exemplified by our spectra.
Previous explorations of the electrochemistry of TTF derivative SAMs demonstrated that the full width at half-maximum (fwhm) of both one-electron peaks deviates substantially from the ideal fwhm of 90 mV. We observed oxidation and reduction peaks of the first and second redox processes with fwhms of ∼160 and 60 mV, respectively. The presence of electrochemical peaks that are both narrower and wider than the ideal 90 mV fwhm suggests that the observed effect is a result of the adsorbate SAM and not an artifact of surface-driven kinetics. This deviation is presumably caused by the interaction of neighboring redox centers. Intermolecular interactions can be prevented by diluting the surface concentration of 1 with a non-redox-active compound such as thioctic acid. 7 Hence, we created mixed monolayers of thioctic acid and 1 on Au substrates and found that the redox peaks arising from diluted 1 in the mixed monolayers of thioctic acid approached the ideal fwhm of 90 mV as the surface concentration of 1 dropped to <20% ( Figure S6 , Supporting Information). Assuming homogeneous dilution, this finding suggests an interaction of TTF moieties in close proximity, which causes deviations from ideality. Previous authors 34,44À46 have assigned attractive interactions for the TTF/TTF
•þ redox couple, causing a distribution of energies that are required for the electrochemical transformation and therefore a larger fwhm. The TTF
•þ /TTF 2þ redox couple displays a fwhm that is substantially more narrow than ideal, which we assign to repulsive interactions between TTF
•þ and TTF 2þ . To understand the interaction in more detail, the SERS response of 1 in different oxidation states was measured. SER spectra were acquired at 0, þ500, and þ800 mV, corresponding to neutral 1, the radical cation 1
•þ , and the dicationic 1 2þ , respectively ( Figure 3 ). Consistent with earlier reports, the SER spectrum of the neutral 1 collected at 0 mV was not easy to resolve. 30 Only one vibrational mode at ∼490 cm À1 was observed above the noise and was assigned 25, 29 to the stretching of the CÀS bonds of the TTF unit. The increased signal intensity in Figure 3B is due to SERRS as the electrochemical potential was changed to þ500 mV. Consistent with previous observations, the CÀS stretching mode frequency shifts to 513 cm À1 as a result of the change in oxidation state. 25, 26, 29 Furthermore, the SERR signal allowed the observation of three additional bands at 1027, 1426, and 1547 cm À1 . The band at 1027 cm À1 is assigned to the first overtone of the CÀS stretching mode at 513 cm À1 . 27 The resonance-induced appearance of a CÀC stretching modes of the individual heterocycles accounts for the peaks at 1426 and 1547 cm À1 . 26 Interestingly, the peak at 1547 cm À1 has a shoulder at 1539 cm À1 , which is the second overtone of the CÀS . Note the intensity scales for each spectrum. The dramatic change in signal as the potential is raised from 50 to 450 mV is the result of resonance enhancement as the neutral TTF (A) is oxidized to the radical cation 1
•þ (B), a species which absorbs at λ ex = 633 nm. Further oxidation to the dication 1 2þ (C) turns the resonance enhancement off. This process is reversible because the same behavior is observed on the return scan with the reduction of 1 2þ to the resonant 1
•þ (D) and finally to neutral 1 (E). Acquisitions were 10 s using an excitation power of 61 μW. λ ex = 633 nm. Signals resulting from the MeCN are labeled s. Vertical scale bars are in units of ADU mW À1 s
À1
(analog to digital units per milliwattÀsecond).
The Journal of Physical Chemistry Letters LETTER stretching mode. The spectrum of 1 2þ acquired at þ800 mV exhibited signal intensity significantly attenuated relative to that in the 1
•þ spectrum, with concomitant peak shifts of two major bands to 548 and 1317 cm À1 . The observed 109 cm À1 shift of the CÀC stretch from 1426 to 1317 cm À1 as 1 was oxidized from the radical cation to the dication is in remarkably good agreement with a previous report of a 110 cm À1 shift between monocationic and dicationic TTF derivatives using resonance Raman spectroscopy. 25, 26 We observed marked spectroscopic differences between the different oxidation states of the SAM of 1 on a AuFON electrode under potentiostatic conditions. It is also possible to observe the changes in 1 under potentiodynamic conditions over the course of a cyclic potential scan. We collected a series of spectra concomitant with CV measurements of the monolayer of 1 on the AuFON surface. Each 10 s acquisition provided a real-time snapshot of the oxidation state of 1 as a function of the electrode potential over the course of the scan. The spectrum ( Figure 4A ) of neutral 1 revealed a peak at 488 cm À1 previously observed in the potentiostatic SERS measurements. Figure 4B shows the appearance of the vibrational modes at 513, 1027, 1425, and 1547 cm À1 as the potential of the AuFON increased beyond 270 mV. The overlap of a 1
•þ electronic transition at 600 nm and the 633 nm excitation source causes SERRS, allowing the observation of many more vibrations. Figure 4C illustrates the lack of resonance enhancement for the dicationic 1 We have demonstrated that a synergy of both surface and resonance Raman enhancement can be exploited to elucidate chemical information in real time about the oxidation state of molecules at an electrode interface. Electrochemical investigations indicate that nonidealities in the electrochemistry can be suppressed by diluting the surface concentration of redox-active compounds with an inert compound, suggesting that they arise as a result of the interactions between neighboring TTF units. The SER(R)S investigations revealed changes in vibrational frequencies of the TTF unit as a result of changes in oxidation state. Upon oxidation to the radical cation, the spectrum of 1 is greatly enhanced by resonance between λ ex and the electronic absorbance of 1. This highly sensitive contrast mechanism can be used to probe the state of TTF-bearing components in functional MEDs. The enhancement is sufficient to allow the observation of the first and second overtones of the CÀS stretching mode. This nondestructive approach may allow the chemical interrogations of molecular switching events at interfaces in working MEDs in situ to enable the elucidation of processes involved in the response of switchable molecules to electronic stimulation.
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